Surface vibrational spectroscopy is of central importance for surface studies [1] . Most of the existing spectroscopic techniques, unfortunately, have serious limitations. Recently, we have developed a new versatile surface spectroscopic tool, infrared-visible sumfrequency generation (SFG) [2] [3] [4] [5] , that has a number of clear advantages over the existing techniques. Like optical second harmonic generation [6] , SFG is highly surface-specific, and is applicable to all interfaces accessible by light. With the help of ultrashort pump pulses, it has the potential of monitoring in-situ surface dynamics, surface reactions, and intermediate transient species with picosecond time resolution. In several recent publications, we have successfully demonstrated the possibility of using SFG to obtain vibrational spectra of monolayers of molecules adsorbed at air/liquid [4] , air/glass [2, 3] , and liquid/glass [5] interfaces. However, to many researchers, studies of molecules adsorbed on metals and semiconductors are far more interesting because of their relevance to surface catalysis and surface preparation of electronic devices. Therefore, we have also tried the technique on metals and semiconductors. In this paper, we report the preliminary results of our measurements, showing the applicability of surface SFG spectroscopy to metals and semiconductors.
The SFG signal obtained by reflection from an interface is given by s (1) where ei = £iLi, £ is the field polarization unit vector, Li's are the geometric Fresnel factors, I's are the pump laser intensities, A is the beam overlapping cross-section, T is the laser pulsewidth overlap, and 2 the subscripts sf, v, and ir refer to sum-frequency, visible, and infrared, respectively. The surface nonlinear susceptibility X(2) that characterizes the surface SFG process is in general composed of a resonant and a nonresonant part
In the case of surface vibrational studies of molecules on metals and X where a refers to the various near-resonant modes, each specified by ( 3) A 0 , w 0 , and r 0 • The nonresonant part of x( 2 ) can generally be written
in which sub, mol, and s-m denote contributions from the substrate, molecule, and substrate-molecule interaction, respectively. For metal and semiconductor substrates, x~~) is often dominated by x~66, although x~~~ could also be significant. The surface of a metal or semiconductor is known to be hlghly nonlinear [7, 8] . Thus x~~) is large and contributes to a strong nonresonant background in the SFG spectrum. Since x( 2) 's are in general complex quanti ties, the nonresonant background may distort the resonant peaks in a complicated 3 way. This is different from the case of SFG spectroscopy of molecules on glass or water where the substrate susceptibilities are small and real.
Another characteristic feature of SFG on metals and semiconductors is the much weaker Fresnel factors for field polarization parallel to the surface. This is particularly true for frequencies far below the plasma resonance. Thus, with sufficiently large angles of incidence,
the x~~~ component appears to dominate in the SFG process, where z is parallel to the surface normal. Being opaque to the pump laser beams, metal or semiconductor substrates also have lower damage thresholds than transparent sol ids due to laser heating. As a result, the SF signal is usually limited to a relatively low level by the low damage threshold.
For obtaining the spectra of octadecyltrichlorosilane (OTS) on glass, we have taken advantage of an internal reflection geometry where the infrared, visible, and sum-frequency beam angles are above the critical angle of the glass-air interface. A calculation of the relevant Fresnel factors (for the case where the infrared and visible beams are p-polarized) shows that the x~~i component will have the dominant contribution. Therefore this experimental geometry on glass probes the same component of x(2) as the experiment on metals and semiconductors.
Our experimental setup of IR-visible sum-frequency spectroscopy has been described elsewhere [3] . The visible pump pulses were fixed at 0.532 ~m while the IR pump pulses were tunable around 3. We were interested in observing the C-H stretching vibrations of OTS in the 3 ~m range. In spite of the low laser damage thresholds, we were able to obtain the spectra without difficulty. Fig. 1 together with the spectra of OTS on glass.
They are shown in
For better signalto-noise ratio, all beams were p-polarized. The spectrum for OTS on silicon was recorded with pulse energies of 60 ~j at 0.532 ~m and 100 ~j of the infrared, focused to a spot of 250 ~m diameter on the surface. The pulsed energies were below the measured damage limit of 400 ~j at 0.532 ~m. The damage threshold of the infrared is much higher. In comparison, the damage threshold of our aluminum sample was considerably lower, approximately 15 ~j at 0.532 ~m. We obtained the spectra of OTS on aluminum with pulse energies just below the damage threshold by translating the sample by .5 mm every 500 laser shots.
With a detection efficiency of about 1%, we estimate the signal level at the peak to be about 50 photons/pulse in both cases. The spectrum of OTS on glass was recorded with pulse energies of 1 mj at 0.532 ~ and 100 ~J of the infrared. The signal at the peak was about 1500 photons/pulse.
The three spectra in Fig. 1 show the expected larger background to peak ratio for the OTS on Si and AQ. substrates in comparison to OTS on glass. The spectra all have in common three peaks which are 5 characteristic of the OTS methyl group [3, 11, 12] . They are the symmetric s-stretch at -2870 cm-1, the nearly degenerate asymmetric stretches at -2965 cm-1 and the Fermi resonance of the s-stretch at -2935 cm-1. The difference in the relative peak heights between the three spectra might be due to different chain ori.entation or due to the different nonresonant substrate ~usceptibil i ties which can alter the relative peak heights as well as shift peaks and distort lineshapes.
Further studies will be necessary to separate these and other effects.
We have also used SFG to obtain the vibrational spectrum of CH stretches of ethylidyne on a single crystal of Rh(111). This system is interesting because Rhodium is a versatile catalyst for hydrocarbon reactions. The sample was prepared in an ultrahigh vacuum chamber.
The clean Rh(111) surface at 300°K was exposed to C2H4 and NO to produce an ordered monolayer of ethylidyne (C-CH3) with approximately one CH 3 group per 25 A2 [13, 14] . The resulting system was highly stable even under atmospheric conditions. Thus, the sample could be transferred from the vacuum into a simple cell for easy insertion into our SFG setup. The cell was filled with N2 in order to avoid possible detrimental effects of the real atmosphere.
To obtain the C-H vibrational spectrum from the sample by SFG, we used the same experimental arrangement described earlier except that the visible pulse energy was increased to 150 lJJ, which is still below the damage threshold of-200 llJ for Rh(111). Two recorded spectra are shown in Fig. 2 . The first run was taken from a spot on the surface that had been irradiated by the visible laser beam for more than 4
hours. The second run was taken from a spot that had not been irradiated. No significant difference between the two spectra could be 6 identified. This shows that SFG can be used to obtain reproducible spectra even from a chemically active surface over the course of several hours, and suggests that nondestructive in-situ monitoring of surface chemical reactions using SFG on a picosecond time scale is possible.
The spectra in Fig. 2 show a strong nonresonant background (due to the metal substrate) and several resonant peaks. A fit using Eqs. (2) and (3) .include contrlbutions from C-H and C2H surface species [16] and assignment of these peaks should await a more thorough study.
In conclusion, we have shown that surface vibrational spectroscopy using IR-visible SFG is indeed applicable to molecules adsorbed.on metals and semiconductors. The signal-to-noise ratlo in the present experiment was not optimized. By choosing a proper beam geometry, we can anticlpate an improvement of one order of magnitude in our SF slgnal. This should make the technique extremely attractive for future dynamic studies of selective molecules adsorbed on metals and semiconductors.
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